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A  B  S  T R  A  C  T  The renal medullary thick ascending limb (MTAL) actively reabsorbs 
ammonium ions. To examine the effects of NH~" transport on intracellular pH (pHi) 
and  the mechanisms of apical membrane NH~" transport,  MTALs from rats were 
isolated and perfused in vitro with 25 mM HCO~-buffered solutions (pH 7.4).  pHi 
was monitored using the fluorescent dye BCECF.  In the absence of NH~', the mean 
phi  was  7.16.  Luminal  addition  of 20  mM  NH~  caused  a  rapid  intracellular 
acidification  (dpHi/dt =  11.1 U/min)  and  reduced  the  steady  state  pHi  to  6.67 
(ApHi =  0.5  U),  indicating that  apical  NH~" entry was  more rapid  than  entry of 
NH3.  Luminal furosemide (10 -4 M) reduced the initial  rate of cell acidification  by 
70% and the fall in steady state pHi by 35%. The residual acidification observed with 
furosemide was inhibited by luminal barium (12 mM),  indicating that apical NH~" 
entry  occurred  via  both  furosemide  (Na+-NH~-2CI  -  cotransport)  and  barium- 
sensitive  pathways.  The  role  of these  pathways in  NH~  absorption was  assessed 
under symmetric ammonium conditions. With 4 mM NH~" in perfusate and bath, 
mean steady state phi was 6.fil  and net ammonium absorption was  12 pmol/min/ 
mm. Addition of furosemide to the lumen abolished net ammonium absorption and 
caused pHi to increase abruptly (dpHi/dt = 0.8 U/min) to 7.0.  Increasing luminal 
[K  +] from 4 to 25 mM caused a similar,  rapid cell alkalinization.  The pronounced 
cell alkalinization observed with furosemide or increasing [K  +] was not observed in 
the absence of NH~'. In symmetric 4 mM NH~ solutions,  addition of barium to the 
lumen  caused  a  slow intracellular  alkalinization  and  reduced  net  ammonium 
absorption only by 14%. Conclusions: (a) ammonium transport is a critical  determi- 
nant of pHi in the MTAL, with NH~ absorption markedly acidifying the cells and 
maneuvers that inhibit apical NH~ uptake (furosemide or elevation of luminal [K+]) 
causing  intracellular  alkalinization;  (b)  most  or  all  of  transcellular  ammonium 
absorption is mediated by apical membrane Na+-NH~'-2CI -  cotransport; (c) NH~ 
also permeates a barium-sensitive apical membrane transport pathway (presumably 
apical membrane K  + channels) but this pathway does not contribute significantly  to 
ammonium absorption under physiologic (symmetric ammonium) conditions. 
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INTRODUCTION 
The thick ascending limb of the loop of Henle influences urinary net acid excretion 
through  a  unique  capacity to  reabsorb  both  ammonium 1 and  bicarbonate  (Good, 
Knepper, and  Burg,  1984;  Knepper,  Packer and Good,  1989;  Good,  1991,  1993). 
Studies  using  isolated,  perfused  medullary  thick  ascending  limbs  (MTAL)  have 
demonstrated  that  the  majority of the  ammonium  absorption occurs by the  active 
transport of NH~" (Good, 1988; Garvin, Burg, and Knepper,  1988). The active NH~ 
absorption secondarily lowers the luminal NH3 concentration to half its value in the 
peritubular bath (Good et al.,  1984; Knepper et al.,  1989). Thus, the net ammonium 
flux occurs in a  direction opposite to that of the transepithelial NH3 concentration 
difference. In the steady state, net ammonium absorption occurs because the rate of 
active transport of NH~- from lumen to bath exceeds the rate of backflux of NH3 into 
the tubule lumen. 
The unusual capacity of the thick ascending limb to transport NH~" more rapidly 
than  NH3 is  reflected in the response of intracellular pH  (pHi) in this  segment to 
ammonium  addition.  In  mouse  MTALs  studied  by in vitro perfusion or in  tubule 
suspension (Kikeri, Sun, Zeidel, and Hebert,  1989), and in preliminary studies in the 
isolated, perfused rat MTAL (Watts and Good,  1990), addition of ammonium to the 
tubule  lumen  or  to  both  the  lumen  and  bath  resulted  in  an  abrupt  intracellular 
acidification. This pHi response is opposite to that observed in other cell types, which 
alkalinize when exposed to ammonium due to predominant entry of NH~ (Roos and 
Boron,  1981), and suggests that NH~- transport may be an important influence on 
pHi in MTAL cells. The physiologic significance of ammonium as a  determinant of 
pHi in  the  MTAL is  unclear,  however, because there have been no reports of the 
effects of ammonium  on  steady  state  pHi  in  HCO~-containing  solutions,  and  no 
studies have correlated changes in pHi with changes in net ammonium absorption. 
Additional  uncertainty  exists  regarding  pathways  for  apical  membrane  NH~" 
transport.  Several  observations  support  the  view  that  absorption  of NH~- by  the 
MTAL is a secondary-active process mediated by substitution of NH~ for K § on the 
apical  membrane  Na+-K+-2CI-  cotransporter. These  include  inhibition  of ammo- 
nium absorption by luminal furosemide (Good et al.,  1984; Garvin et al.,  1988) or an 
increase  in  luminal  K §  concentration (Good,  1987,  1988),  and  the  demonstration 
that  NH~  could  replace  K §  in  supporting  bumetanide-sensitive  Na +  uptake  into 
outer  medullary vesicles  (Kinne,  Kinne-Saffran,  Schutz,  and  Scholermann,  1986). 
More  recently,  an  important  role  for  uptake  of NH~- via  apical  membrane  K § 
channels has been suggested. In mouse MTAL suspensions, most of the intracellular 
acidification induced by ammonium  addition was  inhibited by Ba  2§  a  K §  channel 
blocker (Kikeri et al., 1989). In addition, when ammonium was added to the lumen of 
isolated, perfused mouse MTALs, the rate of Ba2+-sensitive NH~" influx (calculated 
from changes in pHi) exceeded the rate of furosemide-sensitive influx (Kikeri, Sun, 
Zeidel, and Hebert,  1992), suggesting that uptake of NH~- via K + channels may be 
J In this paper, as in previous papers (Knepper et al., 1989; Good, 1990b), the terms ammonium and 
total ammonia are used interchangeably to indicate the sum of NH~- and NH3. When mechanisms of 
transport  are discussed, the  chemical formulas NH~ and  NH3 are  used to indicate the  specific 
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the  predominant mode of apical  NH~  entry.  No studies,  however, have examined 
directly the role of the Ba2+-sensitive pathway in transcellular ammonium absorption. 
Furthermore,  Bleich,  Schlatter,  and  Greger  (1990)  reported  that  K  +  channels  in 
excised patches of apical membrane from rat thick ascending limbs did not conduct 
NH~.  Thus,  the  possible  contribution  of NH~  uptake  via  apical  K +  channels  to 
transcellular ammonium absorption is unclear. 
The present study was designed to examine directly relations between ammonium 
transport and pHi in the isolated, perfused MTAL of the rat. The specific goals were: 
(a) to assess the role of ammonium as a determinant of steady state pHi and examine 
the effects on pHi of maneuvers that alter the rate of transcellular NH~ absorption, 
(b)  to  identify  NH~- transport  pathways  across  the  apical  membrane,  and  (c)  to 
determine the relative contributions of apical membrane NH~" transport pathways to 
transcellular ammonium absorption under physiologic (symmetric ammonium) con- 
ditions. The results demonstrate that ammonium transport is a  critical determinant 
of steady state  pHi  in  the  MTAL and  that  most or all  of transcellular  ammonium 
absorption is mediated by apical membrane Na+-NH~-2CI  -  cotransport.  NH~- also 
permeates a  barium-sensitive apical transport pathway but this does not contribute 
significantly to net ammonium absorption. 
METHODS 
Isolation  of Tissue 
Pathogen-free  male  Sprague-Dawley rats  (50-80 g body weight, Taconic,  Germantown,  NY) 
were injected intraperitoneally  with furosemide  (2 rag)  15 rain before being anesthetized  with 
sodium  pentobarbital  (50-70  mg/kg body weight).  The  left  kidney  was  cooled  in  situ by 
superfusion  with ice-cold dissection  solution  for  1-2  rain, and then removed and  sliced for 
tubule  dissection.  These  procedures  help  to  preserve  the  viability of rat  medullary  thick 
ascending limbs in vitro, presumably by reducing oxygen consumption during tissue isolation 
(Good et al., 1984; Good, 1988). Medullary thick ascending limbs were dissected from the inner 
stripe of the outer medulla at 10~  in control bath solution (solution 2, Table I), transferred  to 
a  bath  chamber on the  stage  of an  inverted  microscope,  and  perfused  in  vitro  at  37~  as 
previously described (Good et al., 1984; Good, 1988). Modifications of the perfusion system for 
pHi experiments  are described below. 
Solutions 
The composition  of control solutions is given in Table  I. These basic solutions were modified 
for individual experimental  protocols  as described  in Results. BCECF-AM (Molecular Probes, 
Inc., Eugene,  OR) was prepared as a 5-mM stock in dimethyi sulfoxide and diluted  into bath 
solution  (solution  2)  to a  final concentration  of 20  I~M. Nigericin  (Sigma Chemical  Co., St. 
Louis, MO) was prepared as a  10 mM stock in ethanol and diluted  into calibration  solutions 
(solution 3) to a final concentration  of 10 I~M. 
For experiments  involving measurement of pHi, the composition of the perfusate (solution 1) 
differed  from that of the bath (solution 2) in two ways: (a) divalent and organic anions were 
replaced  with chloride  to prevent precipitation  with luminal barium,  and (b) 44 mM NMDGCI 
was added so that the addition  of luminal NH~  (20 mM) and/or inhibitors  (12 mM Ba  ~+, 21 
mM  K  §  could  be accomplished  by replacement  of NMDG  + at constant  luminal  [Na §  and 
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influenced  our  results  because:  (a)  baseline  pHi  measured  with  the  hyperosmotic  perfusate 
(solution  1) did not differ from that measured in separate tubules using an isosmotic perfusate 
(solution  2  minus  albumin),  either  in  the  absence  [7.16-+  0.02,  hyperosmotic  (n  =  6)  vs 
7.10  •  0.02,  isosmotic (n =  7),  P  =  NS],  or presence  [6.61  •  0.03,  hyperosmotic  (n =  18)  vs 
6.61  +-. 0.02,  isosmotic (n =  8),  P  =  NS]  of 4  mM  NH4CI;  (b) luminal  hyperosmolality has no 
detectable effect on net ammonium  absorption  rate  or transepithelial voltage  (see below);  (c) 
changes in  lumen  osmolality  have  no  effect on  MTAL  cell volume  (Hebert,  1986a);  and  (d) 
increases  in  lumen  osmolality  similar  to  those  used  in  the  present  study  have  no  effect on 
MTAL shunt conductance or Psa/Pcl permeability ratio (Hebert and Andreoli,  1986).  In the net 
ammonium transport experiments, 10 mM NMDGCi was added to the perfusate (solution 4) to 
permit  equimolar  replacement  of  NMDG §  with  Ba  2§  (see  Results).  Control  rates  of  net 
ammonium  absorption  and  transepithelial  voltage  obtained with  the  hyperosmotic perfusate 
TABLE  I 
Composition of Control Solutions 
pHi experiments  JAm experiments 
Perfusate  Bath  Calibration  Perfusate  Bath 
(1)  (2)  (3)  (4)  (5) 
NaCI  122  120  15  122  120 
NaHCOs  25  25  --  25  25 
K2HPO4  --  2  2.5  --  2 
KCI  4  --  90  4  -- 
NH4CI  --  --  --  4  4 
Na~SO4  --  1.2  --  --  1.2 
CaCI~  2  1  2  2  1 
Ca(lactate)2  --  1  --  --  1 
MgCI2  1.5  --  1.5  1.5  -- 
Mgs(citrate)2  --  0.5  --  --  0.5 
HEPES  --  --  25  --  -- 
NMDGCI  44  --  20  10  -- 
Glucose  --  5.5  5  5.5  5.5 
Albumin  --  0.2*  --  --  0.2* 
*All values are in mM, except Albumin (g/100  ml). N-methyI-D-glucammonium chloride (NMDGCI) was 
made by reacting N-methyl-~)-glucamine with equimolar HCI. Solutions 1, 2, 4, and 5 were equilibrated with 
94% O~/6%CO2  to pH 7.41. Solution 3 was equilibrated with 100% O2 and titrated to pH 6.2, 6.5, 6.9, 7.3, 
or  7.8  using  NaOH  or  HCI.  Solution  3  also  contained  10  ~M  nigericin,  pHi  and JAm  solutions were 
modified for individual experiments as described in Results. 
(Fable  IV)  were  similar  to  values  reported  previously  in  this  laboratory  using  an  isosmotic 
perfusate (Good,  1990a,  b). 
Measurement  of Net Ammonium Transport 
MTAL were mounted on concentric glass pipettes and perfused in vitro as previously described 
(Good  et  al.,  1984;  Good,  1988,  1990a).  The  luminal  perfusion  rate  (normalized  per  unit 
tubule length) was adjusted to 5--6 nl/min/mm.  The tubules were equilibrated for 20-30 min at 
37~  and then two or three tubule fluid samples were collected for each experimental period. 
Total  ammonia  concentrations  and  transepithelial  voltage  were  measured  as  previously 
described (Good and Vurek,  1983; Good et al.,  1984; Good,  1988).  Because net fluid transport 
is  absent  in  rat  MTALs  (Good  et  al.,  1984;  Good,  1992),  absolute  rates  of  ammonium WAaq's AND GOOD  NH~ Transport and Cell  pH in Thick Ascending Limb  921 
absorption (JAm, pmol/min/mm) were calculated as JAm  =  V([Am]0 -  [Amh)/L, where V is 
fluid collection rate (nl/min), [Am] is total ammonia concentration (raM) in perfused (o) and 
collected (1) fluid, and L is perfused tubule length (ram). A mean total ammonia absorption rate 
and  transepithelial voltage was calculated for each  period studied in  a  given  tubule. When 
control measurements were made at the beginning and  end  of an  experiment, the control 
values were averaged. Single tubule values (presented in Fig. 5) were averaged to obtain the 
group means presented in Table IV. 
Measurement of lntraceUular  pH 
Tubule perfusion. Two modifications of the tubule perfusion system were implemented for pHi 
experiments. 
(a) Perfusion solutions were delivered to the pipettes via a syringe pump (Harvard Apparatus, 
Inc., South Natick, MA) connected through a pneumatically activated four-way valve (Beckman- 
Altex, San Ramon, CA). With this system, one solution is delivered to the perfusion pipettes 
while a  second solution is delivered continuously through a waste line fitted with a  length of 
small diameter glass tubing to equalize fluid pressure in the two lines. Activation of the valve 
rapidly switches the path of the solutions. The vast majority of fluid delivered to the pipettes 
exits the rear of the pipette system through a drain port;  <0.0001% of the fluid perfuses the 
tubule lumen. This method results in a smooth and complete exchange of the luminal solution 
in <2 s, as measured by (a) the time necessary for appearance or disappearance of colored dye, 
and (b) the time required for the maximal increase in luminal fluorescence after change of the 
perfusate  to  one  containing BCECF.  The  perfusion rate  for  all pHi experiments was  ~ 20 
nl/min to minimize axial changes in luminal fluid composition. All perfusion solutions were 
delivered through CO2 impermeable Saran tubing. 
(b) A blackened laminar-flow bath chamber (total volume 150 ~1) was used to minimize tubule 
vibration  and  to  reduce  scattering  of excitation  and  emitted  light.  Gas-equilibrated bath 
solutions were delivered through glass lines by hydrostatic pressure at a rate of 2.5-3.5 ml/min 
and warmed to 37~  by water jackets immediately prior to the chamber. The pH of 25 mM 
HCO~,  94% 02/6%  CO~ solutions, monitored in the bath chamber with a microcombination 
pH electrode (Microelectrodes, Inc., Londonderry, NH), was 7.41. 
Fluorescence measurements, pHi was monitored using the fluorescent probe 2',7'-bis(car- 
boxyethyl)-5,6-carboxyfluorescein (BCECF)  (Rink, Tsien, and Pozzan,  1982)  and an inverted 
fluorescence microscope (Nikon Diaphot-DMC). After a MTAL was mounted on the pipettes, a 
rectangular diaphragm was adjusted over a 0.2-0.3 mm length of the tubule and background 
fluorescence was measured. The tubules were then loaded with dye by exposing the cells for 
~ 15 rain at room temperature to bath solution (solution 2, Table I) containing 20 ~M of the 
lipid-soluble, acetoxymethyl derivative of BCECF  (BCECF-AM).  Fresh  loading solution was 
introduced into the bath at regular intervals to maintain tubule oxygenation and  bath pH. 
Loading was continued until the fluorescence intensity was  20-30￿  background at 440  nm 
excitation. The loading solution was then washed out by initiation of bath flow, and the tubule 
was  equilibrated at  37~  with  dye-free bath  solution  for  10-15  rain  before  experimental 
measurements. 
Excitation light from a 75-W xenon arc lamp was passed through either a 500 nm or 440 nm 
optical  discriminating filter  (Omega  Optics,  Brattleboro,  VT).  Emitted  light was  collected 
through an extended reflectivity dichroic mirror (DR series, Omega), passed through a 530 nm 
filter (5 nm bandwidth, Omega Optics), and focused onto a photomultiplier tube (Nikon P1). 
The output of the photomultiplier was directed to a strip-chart recorder (Soltec) for analysis. 
Fig.  1, A  and B,  shows tracings for two pHi experiments. Calculated phi values for these 
experiments are shown in Figs. 3 A and 4 A. Fluorescence intensity at 530 nm was monitored 
continuously at  500  nm  excitation (F500) with brief,  intermittent interruptions  to  measure 922  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  103  ￿9  1994 
intensity  at  440  nm  (F440).  After  correction  for  background,  the  average  of two  500  nm 
measurements was divided by the intervening 440 nm measurement to obtain the fluorescence 
excitation ratio (F500/F440), which is pHi-dependent (Rink et al.,  1982). A two or three point 
calibration  of intracellular  dye was  obtained  at  the  end  of each  experiment  (see  below)  to 
convert  excitation  ratios  to  pHi  values.  The  initial  rate  of change  of  pHi  (dpHi/dt)  was 
determined from the initial slope of the 500  nm tracing measured  over the first 4  s after an 
experimental  maneuver.  An  F440  value  for  this  time  period  was  interpolated  from  values 
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FIGURE  1.  Tracings  for two pHi ex- 
periments.  (A) Effect of luminal addi- 
tion  of  20  mM  NH~.  (B)  Effect  of 
luminal addition  of furosemide  (10 -4 
M)  in  a  tubule  perfused  and  bathed 
with 4  mM  NH~.  Fluorescence emis- 
sion  intensity  at  530  nm  was  moni- 
tored continuously at  500  nm excita- 
tion  (F500)  with  brief,  intermittent 
interruptions  to  measure  intensity  at 
440  nm excitation (F440).  Intracellu- 
lar  dye  was  calibrated  at  the  end  of 
the  experiments  as  described  in 
Methods.  F500  and  F440  values  at 
selected time points were obtained by 
correcting total fluorescence intensity 
for background. Arrows indicate base- 
line  signal  obtained  with  shutter 
closed,  pHi  values  determined  from 
the  F500/F440  ratios  are  shown  in 
Figs.  3 A  and  4 A.  See  text  for addi- 
tional details. 
measured  immediately  before  and  after  the  experimental  maneuver,  dpHi/dt  values  were 
calculated as dpHi/dt =  [(dF500/dt)/(F440)]  x  m, where m is the slope of the calibration curve 
for individual experiments. 
Bleaching of the dye was minimized using neutral density filters, by limiting the total time of 
experiments to 20-30 min, and by illuminating the tissue only when data were obtained. With 
these procedures,  the fluorescence intensity at 440 nm decreased by  < 15% over the course of WATTS AND GOOD  NH~ Transport and Cell  pH in Thick  Ascending Limb  923 
the  experiment  and  the  F500/F440  fluorescence excitation ratio  remained constant.  Dye 
leakage was negligible for up to 50 rain. 
Calibration. IntraceUular dye was calibrated at the end of each experiment using the high 
[K  +] -  nigericin technique of Thomas, Buchsbaum, Zimniak, and Racker, (1979). Tubules were 
perfused and bathed with a 95 mM K  + solution (solution 3, Table I) that contained 10 p~M of 
the  K+/H  § exchanger, nigericin. Under these conditions, pHi approximates the  pH  of the 
extracellular solution (Thomas et al.,  1979; ChaiUet and Boron, 1985). The calibration solution 
was  titrated  to  selected  pH  values between 6.2  and  7.8.  Fig.  2  summarizes the  results  of 
intracellular calibrations obtained in 53  tubules, including eight tubules in which excitation 
ratios were obtained for each of the five pH values. 
In a previous study of pHi using BCECF in rat CTAL, changing [K  §  in calibration solutions 
from 64 to 128 mM at pH 7.3 had no detectable effect on fluorescence-excitation  ratios (Krapf, 
1988).  To  assess  whether  other  components  of  the  calibration  solution  influenced  the 
calibration values, we obtained data in tubules using a solution that contained 50 mM K2HPO  4, 
20 mM HEPES,  0.5 mM Mg citrate, 1.0 mM CaC12, 1.0 mM Ca lactate, and 10 ~m nigericin. 
0 
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FIGURE 2.  Calibration of intracellu- 
lar dye in rat medullary thick ascend- 
ing limbs. Filled circles  are means +- 
SE  obtained from  a  total  of 53  tu- 
bules.  Numbers in parentheses indi- 
cate  the  numbers  of  measurements 
made at each pHi. The line is a first 
order  linear  regression  fit  to  the 
means (r  2 =  0.99). 
Excitation ratios determined with this solution [1.40 _+ 0.02 at pH 6.5 (n = 9) and 3.00 _+ 0.02 
at pH 7.3 (n = 9)], were similar to values obtained with solution 3 (Fig. 2). 
Statistical Analysis 
Results of the pHi experiments were evaluated by paired t test, unpaired t test,  or analysis of 
variance with  Newman-Kuels' multiple range test,  as  appropriate.  In ammonium transport 
experiments, differences between means were evaluated using the paired t test. In all cases, 
P  <  0.05 was regarded as statistically  significant. 
RESULTS 
Effects of Luminal Ammonium Addition  on pHi 
The effects on pHi of adding ammonium to the tubule lumen are shown in Table II 
(mean  values)  and  Fig.  3  (single  experiments).  In  the  absence  of  ammonium 924  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9 VOLUME  103  ￿9 1994 
(solutions 1 and 2, Table I), the initial intracellular pH was 7.16  -  0.02 (Table II A ). 
Addition of 20  mM  ammonium  to the luminal perfusate (20 mM  NH~"  replaced 20 
mM  NMDG +)  caused  an  abrupt  intracellular acidification (Figs.  1 A  and  3 A)  that 
occurred at an initial rate of 11.1  -  1.0  U/min  (Table II A ).  pHi recovered slightly 
following the initial acidifying spike (Figs. 1 A and 3 A ). However, steady state pHi in 
the presence of luminal ammonium  (6.67  -  0.04) was significantly lower than in the 
absence of ammonium.  The steady state pHi fell by 0.52  -+ 0.04  U  with luminal 20 
mM ammonium  addition (ApHi, Table II A) and remained stable for up to 20 min. 
After removal of ammonium,  pHi recovered rapidly to its initial control value (Figs. 
1 A  and 3A) (pHi after recovery =  7.12  -+ 0.03, n  =  6). 
The  acidification  of  MTAL  cells  in  response  to  luminal  ammonium  addition 
indicates that  NH~"  is transported into the cells at a  rate that exceeds the influx of 
NH3.  The role of Na+-NH~'-2CI  -  cotransport in apical NH~"  uptake was assessed by 
TABLE  II 
Effects of Luminal Ammonium Addition  on pHi 
pHi, U 
Initial  20 mM NH~ 
dpHi/dt  &pHi 
U/min  U 
(A) Control (6)  7.16  6.67  11.1  0.52 
•  -+0.04  •  • 
(B) Furosemide (5), 0.1 mM  7.07  6.71:  3.6*:  0.35*: 
•  •  •  • 
(C) Barium (5), 12 mM  7.20  6.83*:  4.6*:  0.38*: 
-+0.03  •  -+0.4  • 
(D)  Furosemide + barium (5)  7.19  7.06*  0.3*  0.13" 
•  •  •  -+0.03 
Values are means  •  SE. Numbers  in  parentheses  are numbers  of tubules, dpHi/dt, initial rate of cell 
acidification after luminal NH~- addition, calculated from the initial deflection of the 500-nm tracing. ApHi, 
absolute change  in  steady state  pHi after  luminal NH~" addition.  Composition of solutions is given in 
Methods/Results. Results were analyzed by ANOVA  with Newman-Keuls' multiple range test. *P <  0.05 vs 
control; :P <  0.05 vs furosemide + barium. All ApHi values differ significantly from zero (paired t test), 
indicating pHi with 20 mM NH~" significantly less than pHi initial. 
adding 20  mM  ammonium  to the tubule lumen  in the presence  of 10 -4 M  luminal 
furosemide  (Table  IIB  and  Fig.  3 B).  Furosemide  reduced  the  initial  rate  of 
acidification by  70%  and  decreased  the  fall in  steady  state  pHi  by  35%.  However, 
furosemide did not completely prevent the intracellular acidification, indicating the 
presence of a  second, furosemide-insensitive pathway for apical NH~ entry. 
The  effects  on  pHi  of adding  20  mM  ammonium  to  the  tubule  lumen  in  the 
presence  of 12  mM  luminal barium  (12  mM  BaC12  replaced 24  mM  NMDGCI)  are 
shown  in Table  II C  and  Fig.  3 C. 2 Ba ~+  reduced the  initial rate of acidification by 
59%  and  the  fall  in  steady  state  pHi  by  30%  compared  with  control  values. 
2 This concentration of Ba  2+ was chosen based on previous studies demonstrating that luminal Ba  2+ 
concentrations of 10-20 mM were required for maximal blockade of transcellular conductance in the 
mouse MTAL (Hebert and Andreoli, 1986). WAITS AND GOOD  NH~ Transport and Cell  pH in Thick Ascending Limb  925 
The inhibitory effects of barium could be due either to direct inhibition  of NH~ 
entry  (e.g.,  by block of apical  K + channels)  or  to  a  secondary  effect of barium  to 
inhibit  NH~  entry via Na+-NH~--2CI  -  cotransport (see Discussion).  To assess these 
possibilities, we examined whether the  inhibitory effects of furosemide and barium 
were additive. The effects on pHi of adding 20 mM ammonium to the tubule lumen 
in the presence of both  10 -4 M  furosemide and  12 mM barium are shown in Table 
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Effects of luminal addition of 20 mM NH~ on phi in  MTAL. Each panel shows 
results of a single experiment. 64 ) NH~" added to control perfusate (fluorescence  tracing shown 
in  Fig. IA).  (B-D)  NH~" added  to  control  perfusate  in  the  presence  of 10 -4  M  luminal 
furosemide (B),  12 mM luminal barium (C), or 10  -4 M furosemide plus  12 mM barium (D). 
Filled  circles  are single  pH i values  obtained from F500/F440  ratios along the fluorescence 
tracings.  Lines  are drawn by eye.  Composition of all  solutions  is given  in  Methods/Results. 
Mean pHi values are in Table II. 
IID  and  Fig.  3 D.  The  combination  of furosemide  plus  barium  inhibited  the  cell 
acidification  nearly  completely, reducing  dpHi/dt  by 97%  and  ApHi by 75%  com- 
pared with control values. With furosemide plus barium, dpHi/dt and ApHi also were 
significantly less than values observed with either furosemide or barium alone (Table 
II). These results  are consistent with  entry of NH~- through  both furosemide- and 
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and K + channels. Note, however, that even in the presence of both furosemide and 
barium, the luminal addition of ammonium resulted in a  significant decrease in pHi 
(Table  II D,  Fig.  3 D).  Thus,  mechanisms  for  NH~-dependent  cell  acidification 
persist when the two pathways for apical NH~" entry are inhibited. 
Effect of Symmetric Ammonium Addition  on pHi 
To assess whether the pronounced effect of luminal ammonium addition on pHi may 
be  of  physiologic  significance,  further  experiments  were  performed  in  which  a 
physiologic concentration of ammonium (4 mM) was added to both the luminal and 
peritubular solutions  (4  mM  NH~" replaced  4  mM  NMDG  §  in  perfusate;  4  mM 
NH4CI was added to bath). In MTALs studied at pH 7.4 in 25 mM HCO~ solutions in 
the absence of ammonium (solutions 1 and 2, Table I), intracellular pH was 7.16  _ 
0.02  (n =  6).  In contrast, in tubules studied under identical conditions at the  same 
TABLE  llI 
Effects of Inhibitors on pHi in Symmetric Ammonium Solutions 
pHi, U 
Initial  Inhibitor 
dpHi/dt  ApHi 
U/min  U 
(A)  Furosemide (5), 0.1 mM  6.55  6.96  0.82  0.41 
-+0.02  -+0.03  -+0.14  -+0.03 
(B)  Barium (7), 12 mM  6.64  7.02  0.32*  0.38 
-+0.02  -+0.02  -+0.05  -+0.02 
(C)  High K  + (6)  6.62  6.96  0.89  0.34 
-+0.06  ---0.06  -+0.09  -+0.02 
Values are means -+ SE. Tubules were perfused and bathed initially  in control solutions (solutions 1 and 2, 
Table I) containing 4 mM  NH~" and then inhibitor was added  to the  luminal perfusate. In high K  § 
experiments, luminal [K  +  ] was increased from the control value of 4 mM to 25 raM. dpHddt, initial rate of 
cell alkalinization  following  addition of inhibitor, calculated  from the initial deflection  of the 500 nm tracing. 
April, absolute change in steady state pHi after addition of inhibitor. All ApHi  values  differ significantly  from 
zero, indicating pH  i with inhibitor significantly greater than  pHi  initial. Numbers in parentheses and 
statistical analysis  as in Table II. *P < 0.01 vs either furosemide or high K  +. 
extracellular pH,  but with 4  mM NH~  in the perfusate and bath, pHi was reduced 
markedly to 6.61  _+  0.02  (n =  18)  (P  <  0.001  vs zero  ammonium). In 4  mM NH~ 
solutions, pHi was  stable for up  to  20  min. Thus,  the presence of ammonium is  a 
critical determinant of steady state pHi in the rat MTAL. 
Effects of Inhibitors  on pHi and Net Ammonium  Transport  in Symmetric Ammonium 
Solutions 
The  experiments with  luminal ammonium addition (Table II,  Fig.  3)  can identify 
pathways through which ammonium may be transported; however, they do not clarify 
the  roles  of  the  furosemide-  and  barium-sensitive pathways  in  net  ammonium 
absorption under physiologic conditions in which ammonium is present on both sides 
of the tubule. To address this question, two different experimental approaches were WAaq-s AND GOOD  NH~ Transport and Cell  pH in Thick  Ascending Limb  927 
used, one involving the measurement of pHi and the other involving measurement of 
net ammonium fluxes. 
Intracellular  pH.  To  assess  apical  NH~  uptake  under  symmetric  ammonium 
conditions, pHi was monitored in tubules that were perfused and bathed continuously 
with  4  mM  NH~"  and  then  either  furosemide  or barium  was  added  to the  luminal 
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FIGURE 4.  Effects  of  inhibi- 
tors on pHi in the presence of 
NH~. Each panel shows results 
of a  single experiment.  MTAL 
were perfused and bathed con- 
tinuously with 4  mM NH~ and 
then either  10 -4 M furosemide 
(A) or  12 mM barium  (B)  was 
added  to  the  luminal  fluid 
(fluorescence tracing for A  ex- 
periment  shown  in  Fig.  1 B). 
(C) Shows the effect of increas- 
ing  luminal  K §  concentration 
from 4 to 25 mM. Filled  circles 
and lines as in Fig. 3. Composi- 
tion  of  solutions  is  given  in 
Methods/Results.  Mean  pHi 
values are in Table III. 
perfusate.  The results  of these experiments  are  shown in Table  III and Fig. 4. The 
initial mean steady state pHi with 4 mM NH~ in perfusate and bath ranged from 6.55 
to 6.64  (Table  III). Addition of 10 -4 M  furosemide  to the  tubule  lumen  caused an 
abrupt intracellular alkalinization  (dpHi/dt  =  0.82 -+ 0.14 U/min) and increased the 928  THE JOURNAL OF GENERAL PHYSIOLOGY ￿9 VOLUME 103 ￿9 1994 
mean steady state pHi from 6.55 to 6.96 (Table III A,  Figs. 1 B and 4 A ). In separate 
experiments, luminal furosemide had no significant effect on pHi in tubules studied 
under  identical conditions in  the  absence  of ammonium (7.05 +- 0.04,  control vs 
7.05 --. 0.03, furosemide, n  =  6; P  =  NS). Thus, the cell alkalinization  was dependent 
on the presence of ammonium and likely was due to inhibition of apical ammonium 
entry via  Na+-NH~'-2C1  -  cotransport.  The  cells  acidified  rapidly  after  removal  of 
furosemide (Figs.  1 B and 4 A ), consistent with restoration of apical NH~ entry. 
Fig. 4 B  and Table III B  show the results of experiments in which  12 mM barium 
was  added  to  the  lumen of tubules perfused  and  bathed  with  4  mM  NH~'.  The 
addition of barium caused steady-state pHi to increase from 6.64  •  0.02 to 7.02  • 
0.02  (Table III B).  However,  in contrast to  the  rapid  alkalinization observed with 
TABLE  IV 
Effe~ ~  Lumi~l ~rosem~ or Ba~um on Net Ammonium A~o~on 
[Aml, mM 
V  JAm  V~ 
perfused  collected 
nl/min/mm  pmol/min/mm  mV 
(A) Control  6.2  4.0  2.2*  11.3  2.5 
-+0.2  -+0.03  -+0.05  -+0.6  -+0.5 
Furosemide  5.9  4.0  3.9  0.7  -0.5 
￿9  +0.1  -+0.03  -+0.07  •  • 
P  NS  NS  < 0.001  < 0.005  < 0.005 
(B)  Control  5.9  4.0  1.8"  12.8  4.3 
•  ---0.05  •  •  • 
Barium  6.1  4.0  2.2*  11.0  1.4 
•  •  •  -+2.4  • 
P  NS  NS  <0.05  <0.05  <0.05 
Values are  means •  SE.  Number of experiments equals four with furosemide and four with barium. 
Composition of control perfusion and bath solutions is given in Table I (solutions  4 and 5). In series  A, 1 x 
10  -4 M furosemide  was added to the perfusate; in series B, 10 mM BaCI2 replaced 10 mM NMDGCI. Mean 
tubule length was 0.52 •  0.02 mm with furosemide and 0.55 •  0.02 mm with barium. V, fluid  collection 
rate; [Am], total ammonia concentration;  JAm, absolute rate of total ammonia absorption; VTE, transepithe- 
lial voltage, oriented lumen positive  with respect to bath. [Am] in bath was 4.0 •  0.03 mM. P values are for 
control vs furosemide or barium (paired t test). *Collected [Am] significantly  different from perfused. 
furosemide,  adding  barium  to  the  lumen  resulted  in  a  slow  alkalinization that 
occurred  at  an initial rate  only 39%  of that  observed with furosemide (Table III). 
Because inhibition of apical K + channels by Ba  2+  is virtually complete within  ~ 2  s 
(Greger and Schlatter,  1983), this slow pHi response suggests that there is not rapid 
entry of NH~  through  the  barium-sensitive pathway  under symmetric ammonium 
conditions. In the  absence of NH~-, adding 12  mM Ba  ~+  to the perfusate caused a 
small intracellular alkalinization (April =  0.08 -  0.02,  n  =  4,  P  <  0.05).  Thus,  the 
slow response of pHi  in the  presence of NH~" was  not due  to  the  presence of an 
opposing, NH~'-independent action of Ba  2+ to cause cell acidification. 
Net ammonium absorption.  The effects of furosemide and barium on net ammo- 
nium absorption in MTALs perfused and bathed with 4 mM NH~ are shown in Table 
IV and Fig.  5.  Consistent with  previous experiments performed at  slow flow rates WATTS AND GOOD  NH~"  Transport and Cell  pH in Thick Ascending Limb  929 
(Good et al.,  1984),  adding  10 -4 M  furosemide to the tubule  lumen abolished  net 
ammonium absorption  and  reduced  the  transepithelial  voltage  to near  zero.  Both 
effects were reversible. In contrast, adding 10 mM barium to the lumen caused only a 
small inhibition  of ammonium absorption,  reducing  the  mean  transport rate from 
12.8 to 11.0 pmol/min/mm. It is unlikely that uptake of NH~" via the Na+-K+-2CI- 
cotransporter was increased with luminal barium because barium inhibits furosemide- 
sensitive  chloride  absorption  (see  Discussion).  Thus,  these  findings  are  consistent 
with the conclusions drawn from the preceeding pHi experiments, namely, that entry 
of NH2  through  the  barium-sensitive pathway is  not an important mechanism for 
ammonium absorption under symmetric ammonium conditions, and that most or all 
of transcellular ammonium absorption occurs through  a  furosemide-sensitive path- 
way. Luminal Ba  z+ reduced the transepithelial voltage by 67% (Table IV B). 
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ammonia absorption by the MTAL. The perfusion and bath 
(solutions  4  and 5, Table I).  Filled  circles  are mean values  for single  tubules;  lines  connect 
paired measurements made in the same tubule.  P values are for paired t test. Mean values are 
in Table IV. 
Effect of Luminal K + Concentration  on pHi in Symmetric Ammonium Solutions 
In  addition  to  furosemide,  another  maneuver  that  markedly  inhibits  active  NH~ 
absorption  in  the  MTAL is an  increase  in  luminal  K +  concentration  (Good,  1987, 
1988). This inhibition is believed to result from competition between K + and NH~- on 
the apical membrane Na+-K+-2CI- cotransporter (Good, 1988). If this explanation is 
correct, then increasing luminal [K  +] in the presence of ammonium should alkalinize 
MTAL cells in a manner similar to that observed with furosemide. Fig. 4 C and Table 
III C  show the effects on pHi of increasing luminal  K + concentration from 4  to 25 
mM (21 mM K + replaced 21 mM NMDG  §  in MTAL perfused and bathed with 4 mM 
NH~-.  Increasing  the  luminal  K +  concentration  resulted  in  an  abrupt  intracellular 
alkalinization  (to  pHi  7.0)  that  occurred  at  a  rapid  rate  (dpHi/dt =  0.89-  0.09 
U/min)  similar  to  that  observed  with  furosemide.  In  three  additional  tubules, 930  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  103  ￿9  1994 
increasing luminal [K  +]  from 4  to  25  mM  in  the  absence  of NH~- caused  pHi  to 
increase  only by  0.08  +-  0.01  (pHi =  7.15- 0.01,  4  K  +  vs  7.23-+ 0.01,  25  K+; 
P  <  0.05). 
DISCUSSION 
In contrast to the general observation that NH3 traverses cell membranes much more 
rapidly than NH~-, transepithelial  ammonium absorption  in  the  MTAL occurs by 
active transport  of NH~- against a  concentration difference for NH3  (Good et al., 
1984; Good, 1988;  Knepper et al., 1989). The present study was designed to examine 
the influence of ammonium transport on pHi in the isolated, perfused MTAL of the 
rat and to identify the apical membrane transport pathways responsible for transcel- 
lular NH~  absorption.  The  results demonstrate that  (a)  ammonium transport  is  a 
major determinant of pHi in the  MTAL, with transcellular ammonium absorption 
markedly acidifying the cells and  maneuvers that inhibit NH~  absorption  causing 
intracellular alkalinization, (b) most or all of transceUular NH~- absorption is medi- 
ated by apical membrane Na+-NH~-2C1 -  cotransport, and (c) NH~ also permeates a 
barium-sensitive apical membrane transport pathway but this is not a quantitatively 
important pathway for ammonium absorption. The bases for these conclusions are 
discussed below. The physiologic significance of MTAL ammonium absorption has 
been discussed previously (Knepper et al.,  1989;  Good and Knepper,  1990). 
NH~- Transport  as a Determinant  of pHi 
Addition  of ammonium  to  the  lumen  of the  MTAL  resulted  in  an  abrupt  and 
sustained intracellular acidification (Table II, Figs. 1 A and 3), indicating that NH~- is 
transported into the cell across the apical membrane more rapidly than NH3. These 
apical  membrane  transport  properties  are  consistent with  the  results  of previous 
transepithelial transport studies in which active transport of NH~ predominated over 
transport of NH3 to result in net ammonium absorption (Good et al.,  1984;  Good, 
1988;  Garvin et al.,  1988). 
An effect of ammonium addition to cause intracellular acidification was observed 
previously by Kikeri et al. (1989) in mouse MTALs studied in HCO~-free solutions, 
conditions in which a reduced cell buffering capacity and/or a diminished contribu- 
tion of HCO~-dependent transporters  to  pHi regulation may have magnified the 
change in pHi in response to ammonium addition. Those concerns were obviated in 
the present study since all pHi measurements were made in the presence of 25 mM 
HCO~ and 6% CO2, conditions similar to those present in the renal medulla in vivo 
(DuBose,  Lucci, Hogg, Pucacco, Kokko, and Carter,  1983).  Thus,  the pronounced 
intracellular acidification observed with ammonium addition indicates that transcel- 
lular ammonium transport results in a large and continuous net acid load to the cell. 
Mechanisms for pHi regulation were evident in the slight recovery of pHi following 
the initial acidifying spike (Fig. 3 A) and in the recovery of phi to its initial control 
value  following ammonium removal  (Figs.  1 A  and  3).  The  fact that  exposure  to 
ammonium results in a large and sustained fall in pHi indicates that the acid-loading 
effects of ammonium transport predominate over the mechanisms for pHi regulation, 
thereby resetting the steady state phi to a lower value. WATrS ANO GOOO  NH~ Transport and Cell pH in Thick Ascending Limb  931 
The mechanisms by which  ammonium transport results  in  intracellular acidifica- 
tion have not been identified; however, a few points are noteworthy. First, uptake of 
NH~ into the cell by itself cannot account for the pronounced cell acidification. This 
is  because  the  cell  pH  is  ~ 2  pH  units  below  the  pKa for  the  ammonium  buffer 
reaction  (pKa =  9.0).  As  a  result,  only  ~  1%  of the  NH~  entering  the  cells would 
release a  proton,  resulting in a  negligibly small cell acid load that could readily be 
neutralized  by  the  cell  buffers,  s  Consequently,  mechanisms  in  addition  to  apical 
NH~"  entry must play a  role in  the  intracellular  acidification.  Rapid  entry of NH~ 
across  the  apical  membrane  coupled  with  efflux  of  NH3  across  the  basolateral 
membrane (Kikeri et al.,  1989) would result in the net deposition of protons inside 
the cell and could contribute to the fall in pHi. Other mechanisms, such as effects of 
ammonium on H + or HCO~ transporters or on metabolic acid production also may 
contribute to the ammonium-induced cell acidification. 
The physiologic importance of ammonium as a determinant of pHi is most evident 
in  the  experiments  with  symmetric  ammonium  solutions.  In  vivo,  the  MTAL  is 
exposed to millimolar concentrations  of ammonium due to the high concentrations 
of  ammonium  generated  in  the  renal  medulla  by  countercurrent  multiplication 
(Knepper et  al.,  1989;  Good  and  Knepper,  1990).  The  ammonium concentration 
used  in  the  present  experiments  (4  mM)  represents  a  reasonable  estimate  of the 
concentration expected to surround the MTAL of the rat in vivo (Good et al.,  1984). 
In tubules studied with 4  mM NH~ in perfusate and bath,  the mean pHi was more 
than  0.5  pH  U  less than  that in  tubules  studied  under  the  same conditions  in  the 
absence of ammonium, even though the extracellular fluid pH was identical (7.4) in 
the two groups. In addition, luminal furosemide had no effect on pHi in the absence 
of ammonium but caused a  marked intracellular  alkalinization  in  MTALs perfused 
and bathed with 4 mM NH~-.  Increasing the luminal [K  +] also caused a pronounced 
intracellular alkalinization that was four times greater in the presence of ammonium 
than in its absence. As discussed below, both furosemide and increasing luminal [K  +] 
increase pHi by reducing apical NH~" uptake via Na+-NH~-2C1 -  cotransport, thereby 
diminishing  the  intracellular  acid  load  that  results  from  transcellular  ammonium 
absorption. Thus, the extent to which factors that regulate Na+-K+-2CI- cotransport 
activity influence pHi depends  critically on the presence or absence of ammonium. 
Furthermore,  as a  result of its influence on pHi, ammonium may secondarily affect 
other important cellular processes in the MTAL that may be pHi-dependent, such as 
HCO~  reabsorption  (Good,  1992),  volume regulation  (Hebert,  1986b),  NaCI reab- 
sorption (Wingo,  1986), or K + transport (Oberleithner,  Kersting, and Hunter,  1988; 
Guggino, Oberleithner,  and Giebisch,  1988;  Bleich et al.,  1990;  Kikeri et al.,  1992). 
Apical NH3 Transport 
Luminal ammonium addition did not result in intracellular alkalinization even when 
apical  NH~  entry  was  inhibited  with  furosemide  and  barium  (Fig.  3 D).  This 
s Assuming as an upper limit a steady state intracellular [NH~] of 50-80 mmol/I, the intraceilular 
[H  §  at chemical equilibrium (due to dissociation of NH~) would be 0.7 to 1.0 mmol/l at pHi 7.15. In 
comparison, the total intracellular buffering power of rat MTAL cells at pHi 7.15 is 85 mmol/l/pH 
unit (B. Watts and D. Good, unpublished  data). Thus, the change in pHi due to H § generated  by 
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observation was reported previously in the mouse MTAL, and was taken as evidence 
that the apical membrane was impermeable to NH3 (Kikeri et al.,  1989). However, 
both in that study and in the present study (Table II D, Fig. 3 D), adding ammonium 
to  the  lumen  in  the  presence  of furosemide  and  barium  caused  pHi  to  decrease 
significantly by  ~ 0.15 U. Thus, mechanisms for NH~'-induced cell acidification were 
still  operational  despite  the  presence  of the  inhibitors,  and  may have  masked  an 
effect of apical  NHs  entry to  cause  intracellular alkalinization.  Other  factors  may 
complicate the  detection of cell alkalinization  due  to  apical  NH3  entry,  including 
rapid efflux of NH3 out of the cell due to a basolateral membrane surface area  ~ 13 x 
greater than the apical membrane surface area (Kone, Madsen,  and Tisher,  1984), 
which minimizes  the amount of intracellular NH3 available to bind protons. Thus, 
further work is  needed to quantify the apical membrane  NH3  permeability of the 
MTAL. 
Pathways for Apical Membrane  NH~ Transport 
The  transport  pathways  responsible  for  apical  NH~  uptake  were  assessed  by 
examining  the  ability  of inhibitors  to  attenuate  the  intracellular acidification that 
results from apical uptake and transcellular absorption of NH~-. A potential limitation 
of this approach is that processes other than apical NH~- uptake may contribute to 
changes in pHi. This concern was minimized in the present study by (a) determining 
the effects of inhibitors in both the absence and presence of ammonium to assess pHi 
effects  unrelated  to  ammonium  transport,  (b)  studying  the  inhibitors  using  two 
different experimental protocols (luminal NH~  addition and symmetric NH~), and 
(c) correlating results of the pHi experiments with direct measurements of the net 
ammonium flux. 
Furosemide-sensitive  Pathway: Na +-NH~-2CI -  Cotransport 
Previous studies have suggested that NH~- absorption by the MTAL is mediated by 
substitution  of NH~- for  K +  on  the  apical  membrane  Na+-K+-2CI -  cotransporter 
(Good et al., 1984; Kinne et al., 1986; Good, 1988; Knepper et al., 1989). The role of 
the  cotransporter  in  apical  NH~- uptake  was  assessed  in  the  present  study  by 
examining  the  effects on  net  ammonium  absorption  and  pHi  of  10 -4  M  luminal 
furosemide,  a  concentration  that  inhibits  Na+-K+-2CI -  cotransport virtually  com- 
pletely in TALs (Greger,  1985).  Several observations demonstrate that apical NH~" 
entry occurs via the cotransporter: (a) furosemide inhibited by 70% the initial rate of 
cell acidification in response  to luminal  ammonium  addition,  (b) furosemide abol- 
ished net ammonium absorption in tubules perfused and bathed with 4 mM NH4C1, 
and  (c)  addition  of furosemide  under  symmetric  ammonium  conditions  caused  a 
rapid  and  sustained  intracellular alkalinization that was  not observed when ammo- 
nium was  absent  from the  experimental solutions.  In  symmetric ammonium  solu- 
tions,  the  steady  state  pHi  increased  with  furosemide  to  a  value  similar  to  that 
observed in tubules studied in the absence of ammonium, consistent with the effect of 
furosemide  to  abolish  the  net  ammonium  absorptive  flux.  Taken  together,  these 
results indicate that virtually all of transcellular ammonium absorption is mediated by 
apical  membrane  Na+-NH~-2CI -  cotransport,  and  that  uptake  of NH~" via  the 
cotransporter  is  responsible  for  the  intracellular  acid  loading  that  accompanies 
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In  rat  MTALs  perfused and  bathed  in  vitro with  4  mM  NH4CI,  increasing  the 
luminal K + concentration over the physiologic range (4-24 raM) markedly inhibited 
active NH~" absorption (Good, 1987,  1988). The present study demonstrates that the 
same  increase  in  luminal  [K  +]  also  causes  a  rapid  and  pronounced  intracellular 
alkalinization that mimics that observed with furosemide (Fig. 4). The rapid alkalin- 
ization is  unlikely to have been the  result of an  effect of increasing  [K  +]  to cause 
membrane depolarization because (a)  increasing luminal  [K  +] and  adding  luminal 
furosemide caused virtually identical cell alkalinization but have opposite effects on 
membrane voltage (Greger, Schlatter, and Lang,  1983; Greger and Schlatter,  1983), 
and (b) addition of luminal barium, another maneuver that causes rapid membrane 
depolarization  (Greger  and  Schlatter,  1983),  did  not  reproduce  either  the  rapid 
increase in pHi or the marked inhibition of NH~ absorption observed with increasing 
luminal  [K+].  Thus,  the effects of potassium  to inhibit active NH~  absorption and 
markedly increase pHi are most likely the result of competitive inhibition of NH~ 
uptake by K + on the apical membrane Na+-NH~'(K+)-2CI- cotransporter. 
Barium-sensitive  Pathway 
Addition of ammonium to the tubule lumen resulted in an appreciable intracellular 
acidification even when the Na+-K+-2CI- cotransporter was blocked with furosemide 
(Fig.  3). The furosemide-insensitive acidification was  inhibited by luminal Ba  2+,  an 
inhibitor of the apical membrane K + conductance that serves to recycle K + taken up 
by the Na+-K+-2C1-  cotransporter (Greger,  1985). Our results do not rule out the 
presence  of a  barium-sensitive  NH~" transport  pathway  other  than  the  apical  K + 
channel.  However,  NH~  has  been  shown  to  permeate  K+-selective channels  in  a 
number  of different cell  types  (Knepper et al.,  1989).  Thus,  the  barium-sensitive 
component of NH~" uptake  presumably reflects  transport  of NH~" through  apical 
membrane K + channels. This view is consistent with previous findings in the mouse 
MTAL (Kikeri et al.,  1989) but is at variance with results of patch clamp experiments 
in which it was reported that apical K + channels in inside-out patches of rat TAL did 
not conduct NH~" (Bleich et al.,  1990). The results of the patch clamp experiments 
are  inconclusive,  however,  because  under  the  conditions  used  to  test  for  NH~" 
conductance,  the  channel  also  did  not  conduct  K +  (Bleich  et  al.,  1990).  Further 
studies are needed to assess directly the NH~ conductive properties of single apical 
K + channels in the mammalian TAL. 
Although  barium-sensitive  NH~" uptake  occurs  in  response  to  luminal  NH~- 
addition (i.e., in response to the imposition of a large lumen to cell NH~ concentra- 
tion difference), several additional observations indicate that this pathway does not 
contribute  significantly  to  transcellular  ammonium  absorption  under  physiologic 
conditions  in  which  ammonium  is  present  on  both  sides  of  the  tubule.  First, 
furosemide  abolished  net  ammonium  absorption  but  does  not  inhibit  either  the 
apical  K +  conductance  or  the  cell  negative  membrane  voltage  that  would  drive 
diffusive NH~" entry (Greger et al.,  1983; Greger,  1985; Hebert and Andreoli,  1984; 
Hurst and Hunter,  1992).  4 Second, addition of barium to the tubule lumen reduced 
4 Furosemide causes membrane hyperpolarization, which has been  reported to reduce  the open 
probability of apical K  + channels; however, this effect is  negligible over the  range  of voltages 
encountered physiologically  (Bleich et al., 1990). Thus, the predominant effect of hyperpolarization 
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net ammonium absorption only by 14% (Table IV). While our data do not exclude the 
possibility  that  this  reflects  direct  inhibition  of NH~  uptake  (e.g.,  via  apical  K + 
channels),  we  believe  that  the  small  inhibitory  effect  of  Ba  ~+  on  ammonium 
absorption  is  more  likely  the  result  of secondary  effects  of  Ba  2+  on  two  other 
transport  pathways  involved  in  NH~  absorption:  (a)  apical  Na+-NH~-(K+)-2CI- 
cotransport,  which  is  inhibited  by  the  action  of Ba  z+  to  depolarize  the  cell  and 
increase the  intracellular CI-  activity (Greger,  1985;  Hebert,  Reeves,  Molony,  and 
Andreoli,  1987), and (b) paracellular NH~" diffusion, which accounts for a  small but 
significant  portion  (~20%)  of the  net  ammonium  absorptive  flux  (Good,  1988; 
Garvin  et  al.,  1988)  and  is  diminished  by  the  effect  of  Ba  2+  to  decrease  the 
transepithelial  voltage  (Table  IV).  The  slow  intracellular  alkalinization  observed 
following luminal Ba  2+ addition (Fig. 4, Table III) suggests further that this pathway 
does not mediate rapid uptake of NH~ and is consistent with a  secondary effect of 
Ba  2+  to diminish apical Na+-NH~--2CI  -  uptake. We do not know, however, whether 
the  entire cell alkalinization  observed with  Ba  2+  can  be  accounted for by a  small 
reduction in apical NH~- uptake or whether other factors, such as effects of Ba  2+ on 
cell metabolism or basolateral transport pathways, also may contribute. 
Several factors may account for the  lack  of contribution  of the  barium-sensitive 
pathway  to  apical  NH~- uptake  under  symmetric  ammonium  conditions.  Rapid 
uptake of NH~" on the Na+-NH~--2CI -  cotransporter would have at least two effects 
that  could  minimize barium-sensitive  NH~  entry:  (a)  elevation of the  intracellular 
[NH~] to a value above that in the luminal fluid, thereby creating a transmembrane 
NH~  concentration difference that opposes NH~" entry, and  (b) acidification of the 
cells (Tables II and  III), which may inhibit BaZ+-sensitive NH~" transport pathways 
such as the apical K + conductance (Oberleithner et al.,  1988; Bleich et al.,  1990). 
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